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P.H.  Carr 
RADC/EEA 
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A.  Ihunjhunwala , L.A.  Vellleux^,  J.F.  Vetellno  and  J.C.  Field 
Department  of  Electrical  Engineering 
University  of  Maine , Orono,  Maine  04473* 

ABSTRACT  Experlmenta!  measurements  of  345  MHz  surface  acoustic  waves  propagating  along  the  X-axis  of 
Z-cut  lithium  nlobate  have  revealed  the  existence  of  a low-loss,  high-coupling  mode  whose  insertion  loss  is  loss 
than  the  Rayleigh-type  surface  acoustic  wave.  When  the  double  electrode  of  quarter-wavelength  transducers  were 
excited  at  the  third  overtone  at  1035  MHz,  the  insertion  loss  of  this  mode  was  about  10  dB  less  than  that  of  the 
SAW.  The  experimentally  observed  velocity  of  this  mode  was  4375  m/sec,  considerably  higher  than  the  metalizeti 
SAW  velocy  of  3800  m/sec,  but  in  excellent  agreement  with  the  theoretical  calculated  metallzed  pseudo  SAW 
velocity.  The  experimentally  determined  coupling  (Av/v)  for  this  mode  is  almost  a factor  of  three  times  that  of  the 
SAW.  This  volume  mode  is  theoretically  explained  in  terms  of  a combination  of  plate  modes.  A potential 
applicationof  this  new  mode  Is  in  low-loss,  broadband  signal  processing  devices. 

Introduction 


It  Is  well  known  that  when  a surface  acoustic  wave 
(SAW)  IS  excited  several  spurious  bulk  type  modes  are 
simultaneously  excited.  These  spurious  modes  were 
Initially  considered  to  be  of  no  value  and  efforts  were 
made  to  minimize  their  effect.  These  modes  not 
only  sap  energy  from  the  input  signal  but  also  cause 
unwanted  responses  to  appear  at  the  output  of  the  SAW 
device.  Recently,  however  there  has  been  some  effort 
to  try  to  use  spurious  bulk  type  modes  for  useful  pur- 
poses. One  such  bulk  type  mode  which  has  received 
some  attention  is  the  surface  skimming  mode.^ 

It  is  the  purpose  of  the  present  paper  to  investi- 
gate a new  low-loss,  high  coupling  volume  or  bulk 
mode  on  Z-cut  X-propagatlng  (ZX)  lithium  nlobate.  The 
velocity  of  this  new  mode  Is  significantly  larger  than 
the  SAW  velocit  y and  in  good  agreement  with  the  theo- 
retically determined  metalized  pseudo  SAW  velocity. 
The  ratio  of  the  estimated  electromagnetic  to 
acoustic  coupling  (Av,'v)  of  his  volume  mode  to  that  of 
the  SAW  mode,  as  determined  from  the  input  resistance, 
is  2.6  + 2.  This  mode  which  occurs  in  a cut  for 

which  both  a SAW  and  a pseudo  SAW  may  exist  is  theo- 
letlcally  explained  in  terms  of  a combination  of  plate 
modes . 


Theory 

The  SAW  properties  of  LlNbO.  were  obtained  by 
solving  the  coupled  electromagnetic  and  acoustic  wave 
equations  subject  to  ihe  appropriate  boundary  con- 
ditions. The  variation  of  the  SAW  velocity,  psendo- 
SAW  velocity,  temperature  coefficient  of  delay,  Av/v, 
power  flow  angle  and  attenuation  for  the  pseudo  SAW 
for  a range  of  + 30®  about  the  Z-cut  X-propagatlng 
direction  is  presented  in  Figure  1 . A summary  of  the 
calculated  velocities  for  surface  and  bulk  type  waves 
is  given  in  Table  1 . 

The  pseudo  SAW  mode  radiates  its  energy  into  a 
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shear  wave  whose  phase  angle  9 (See  Fig.  2)  is  deter- 
mined by 

cos  9 = Vg^/Vpg^^  (J 

where 

V = velocity  of  the  slow  shear  wave 
SH 

and 

= velocity  of  the  pseudo  SAW. 

PSAW 

— Fig  . 1 The  variation 


* of  SAW  velocity, 
g pseudo  SAW  velocity, 

1 TCD  , Av/v , power  flow 

2 angle  and  attenuation 

5 for  the  pseudo  SAW  for  a 
range  of  + 30  about 
Z-cut  X-propagating 
LlNbO  . Solid  line; 
properties  associated 
with  the  SAW . Dotted 
line  properties  associated 
with  pseudo-SAW'. 


Fig.  2 Volume  wave  propagation  path. 
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velocity.  This  is  elaborated  upon  liter. 
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fig.  3 Plate  mode  spe  nrurn  for  a 1 ',ni 
ZXI.iNbOj  plate  with  1 . 1 r-m  lin.  v ai'n. 
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(2b) 

•'  ; -.:udo  S'/'.’.V  whose  velocity  or.  a 

1 ' n.  '-a  is  11.4  ^m  't  396  MHz. 
.:l._-i.aation  of  200  dB  for  a piopagation 
. ilence  the  pseudo  SAW  is  too  loss.’ 

• . ■ ihi:  input  transducer  to  the  output. 

. iU’  . ition  of  the  pseudo  SAW  is  so  high  that 
' ' li  of  ’^s  energy  in  only  6.66  wavelengths, 

1.-.  ' uch  -.horter  than  the  length  of  the  inter- 
• ' ' . ~ : .1  ,''s  un:  d in  these  experiments.  Hence, 

’’  'of  tne  energy  of  the  pseudo  S.AW  is 
' a volumi  wave  within  the  transducer. 

\\-jp  measured  from  the  transducer  in- 

■ '•  ce  •.’.•''I  not  be  a^  great  as  tliat  predicted 
. ' ••r.i:.  .du.  ■■  theorv  ignoesthis  loss 

; ti...  ■ : itti  r wave  , 


;er‘  can  radiate  er.ern-/  at  a 
.r  fir:*  ;..edi  rr  . The  ratio 
■ ' i ii.n.e.;  volume^rr.ode  to  the 


o . 


(3) 


: • :,:v.  . 1 -fAW  in  Z.X  lithium  niobate 
.me  ■.■.•  '.■n  radi^’tion  at  an  angle 
; n,.  iagrees.  If  the  rriedium  is  not 
.'  i ;.l  the  energy  which  is  radiated 
v/ill  set  -ip  plate  modes. 


m sneetrum  for  a ZX  lithium  niobate 

! ' . . ,.:n.  ted  in  figure  3.  This  calculation  was 

rrfrr  .ed  for  a i mn.  l.iick  plate  with  1 .4Km  line 
Idt'.  -t  ir.s.'i  ,i  “:s.  Oue  to  the  large  thickness  of  the 
1 'te  if,  V.’ r.  e loi  ut.hs  there  are  a f irge  number  of 
Howe  ! plate  modes  ’.’nr’/  close  to  one  another.  It  is 
terei'ir  a to  r.ote  that  the  plate  mode  coupling  peaks 
t apr.roxi'..  itelv  the  sa.-ne  point  as  the  pseudo  SAW 


Experiment 


Experiments  were  performed  with  a num.bei  of 
different  double-electrode  interdigital  transducers  all 
of  which  were  unapodized.  The  /S-cut,  X-iifop.jgatli  ,, 
lithium  niobate  slabs  had  thicxnooses  oi  1 n.m  aiw  4 rr.:; 
and  the  bottom  surfaces  were  rough -grou:  e 


figure  4 shows  the  insertion  loss  as  a la.’.clior.  of 
frequency  for  waves  generated  or.  a i ..  r n ' ,,■! 
lithium  niobate  plate  and  detecteo  bi  - .4,.n.  linewicth 
double-electrode  transducers.  The  I'.sertior,  loss  of 
the  volume  wave  at  398  MHz  is  iess  thur;  tn.-’,  tl. 
SAW  at  345  MHz.  The  third  overtone  oi  the  S.'.W  mode 
occurs  at  1031  MHz  together  with  :■  •.:...d  ■..•verione  of 

the  volume  mode  at  1195  MHz.  Closely  as>":  . l 
with  the  low  insertion  loss  of  the  volume  moae  is  's 
more  highly  coupled  resonance  of  the  input  im.pedai.cu. 
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fig.  4 Insertion  loss  vs.  frequei.  y ioi  ■■  . i.  u thwv  Z- 
cut,  X-propagating  LiNbO^  plate. 
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Fig.  ■ Input  -ante  tor  a doable  electrode  trans- 

ducer (136,  l.-iu~  l:ae.s  v.h’n  h were  .132  mm  long) 
used  a-  Fit-  4 . 


ir  Table  II  the  ratio  ol’  th*-  volume  wave  resonance 
to  the  SAW  resor.ai.r  trt  • ■ y , t_  lot  various 

transducer  geometries  is  co.mpdied  to  tne  theoretical 
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ratio  for  m.etahzed  and  unmetalized  sur- 


Taole  II.  Comp.-i  tso.--  of  tao  volume  wave 

resonance  frequency  to  SAW  resonance 
fi  equ-- •icy , various  trans- 

ducer geometries  to  the  theoretical 
- ...'  r ‘ ' for  metalized  and 

'■ ' ■ /t, 

i'leiulizea  S'lrtaces 
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1 . 2 pm  lines , 
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observation  eliminates  the  possibility  of  .i  surface  skim- 
ming bulk  rr.ode,  which  should  be  observable  lor  any 
transducer  spacing,  and  establishes  the  villdity  of  a 
■/olur  c wave  which  is  retlected  from  the  boitoir  urfuce, 
as  shown  in  Figure  2, 

A series  of  experim.ents  was  then  performed  to  find 
the  spacing  between  the  transducer  which  gives  the 
Largest  volume  wave  signal.  I'lgure  6 illustrates  both 
the  2 MHz-bandwidth  SAW  reson.ince  .it  •;(;2.6  MHz  and 
the  7.5  MHz-bandwidth  volume  v/ive  resonance  at 
475.5  MHz.  The  slab  thickness  was  1 mm  a.nd  the 
distance  between  the  1.1 -m,m  long  trar.sduceri  was  5 mm. 
The  volume  wave  resonance  is  syr.tmelric  about  the 
center  frequency,  as  the  transducer  is  centeied  on  the 
maxim.um  of  the  volume  wave  energ’.  . Vv'hen  the  trans- 
ducer separation  was  reduced  to  4 mm,  thi  volume  wave 
resonance  was  highly  asymmetric,  as  onl'.'  the  outer 
edge  intercepted  the  volume  wave  energy  " n.cr.u.m. 

This  caused  an  additional  10  dB  of  Inse.-tioi  loss  as 
compared  to  the  5 mm  spacing.  Simllai  tauulcs  were 
observea  for  the  4 mm  thick  slab,  although  the  .broad- 
ening of  the  volume  wave  resonance  was  not  as  marked, 
due  to  the  longer  propagation  path.  The  optimum  trans- 
ducer spacing  to  slab  thickness  ratio  is  5:1  . .these 
results  show  that  the  volume  wave  radiation  is  strongly 
enhanced  by  the  pseudo  SAW  radiation  at  a phase  angle 
of  25  to  30  degrees.  It  was  also  noted  thai  the  band- 
width increased  as  the  transduce.-  length  was  increased. 


One  coric!  I'dei:  from  tt.n-  that  the  r tio  of  the  resonance 
frequency  - ■ tho  s ir-e  - tne  latio  c.i  the  velocity  of 
the  pseudo  t.-..  that  cf  ‘he  -’AW.  As  the  trans- 
ducers coE.si-it  of  U-.  ,iit"r:., iliac  senes  of  metalized 
linos  ua  ■ frep  siirf.^O'- , a:  e might  expect  that  the  ex- 
peiii  O'  i -U.  observe-';  resonan.:e  frequency  would  be 
c.etwrr'.'.  t.hu  ixtre:;  e ••ase.s  of  a completely  metalizid 
surface  md  •:  ir'--  surface,  a.'=  is  indeed  the  case. 
Vv'her  the  ; r.io  of  the  distance  between  the  transducers 
to  the  plate  toic'-a-ess  '.vas  5;1  , the  ratio  of  the  re- 
sor  i.-.i  e freiy.vnt  measured  from  the  insertion  loss 
and  from  L:  y input  lir,p'>d.inco  v/as  the  same. 

lartiof!  loss  of  the  volume  wave  was  criti- 
call-y  i-i-.'.uniir-  t upon  the  up.'Cinq  between  the  input 
and  .-at;-  ’ tra,.:''!  ;■  ors . I'm  the  4-mm-thick  slab  cnly 
the  '■  Ud  be  onserve'.  lor  o transducer  spacing  of 
1.27  .-rr.  Tm  -/olun,.’  wave  resonance  of  the  type  ob- 
served a’  Fa:  i-py  a w i.p  mci  u.  '-i:  dB  down.  This 


Fig.  6 Insertion  loss  versus  frequency  for  a 1 mm. 
thick  ZX  LiNbO.  plate.  The  transducer  had  226 
double  electroae  lines,  1 .2  t-m  wide  and  .5  mm  long. 

Time  delay  measurements  were  made  with  a pulse 
whose  width  was  about  one-half  microsecond,  ihe 
time  delay  of  the  volume  wave  was  the  .same  a.,  the 
SAW  for  the  optimum  5:1  spacing-to-thickness  .-atio. 
This  confirms  the  condition  of  Eq  (1)  for  tne  existi-.nce 
of  a leaky-volume  or  pseudo  SAW.  Tim.e  delay  and 
spacing  predictions  from  Eq  (3)  and  from  the  geometry 
illustrated  in  Figure  2 were  in  reasonable  agreement 
with  experimental  observations.  When  an  absorbei 
was  placed  on  the  surface  of  the  crystal,  the  SAW  was 
completely  absorbed,  while  the  volume  wave  was  un- 
affected. When  the  tneoretically  con.puted  value  of 
iv/v  = 0.0022  was  used  together  with  the  me  n ired 
value  of  the  transducer  capacitance  to  compute  the 
acoustic  radiation  resistance,  this  agreed  witn  the  ex- 
perimentally measured  value  to  within  ran  uncertainty 


CARR  et.  al . 
of  about  15  percent. 


Conclusions 


A new  low-loss  volume  wave  mode  has  been  investi- 
gated on  Z-cut,  X-propagating  lithium  niobate.  The 
optimum  transducer  spacing-to-thickness  ratio  for 
this  volume  mode  is  5:1.  a result  consistent  with  the 
radiation  of  the  bulk  waves  at  a phase  velocity  angle 
of  25  to  30  degrees.  The  presence  of  the  pseudo  SAW 
enhances  the  norinal  volumg  wave  radiation  at  phase 
angles  between  25°  and  30°.  This  causes  the  plate 
mode  spectrum  to  have  a coupling  peak  at  approximately 
the  pseudo  SAW  velocity.  Since  the  coupling  peak 
for  the  individual  plate  modes  is  not  as  high  as  the 
experimentally  observed  coupling  of  the  volume  modes, 
one  is  led  to  the  conclusion  that  the  energy  radiated 
from  the  pseudo  SAW  into  the  bulk  goes  into  more  than 
one  plate  mode.  The  coupling  to  volume  modes  of 
much  thinner  plates  than  those  investigated  here  Jjas 
been  computed  to  be  greater  than  that  of  the  SAW. 

An  interesting  property  of  this  type  of  bulk  mode 
generation  is  that  the  bandwidth  increases  in  propor- 
tion to  the  transducer  length  in  contrast  to  the 
opposite  behavior  for  the  SAW  mode  (as  in  Fig.  6).  In 
order  to  achieve  broad-bandwidth  with  the  SAW  mode, 
a short  transducer  is  required,  into  which  it  is 
difficult  to  match.  On  the  other  hand,  long,  many- 
fingered transducers  are  easy  to  match  into.  In  the 
present  work  an  excellent  match  into  the  volume  wave 
mode  without  the  use  of  an  inductor  was  obtained. 
Hence,  a potential  application  of  the  volume  wave 
mode  is  in  low-loss,  broad-band  signal  processing 
devices , 
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